Abstract: A-kinase anchoring proteins (AKAPs) regulate cAMP-dependent protein kinase (PKA) signaling in space and time. Dual-specific AKAP2 (D-AKAP2/AKAP10) binds with high affinity to both RI and RII regulatory subunits of PKA and is anchored to transporters through PDZ domain proteins. Here, we describe a structure of D-AKAP2 in complex with two interacting partners and the exact mechanism by which a segment that on its own is disordered presents an a-helix to PKA and a b-strand to PDZK1. These two motifs nucleate a polyvalent scaffold and show how PKA signaling is linked to the regulation of transporters. Formation of the D-AKAP2: PKA binary complex is an important first step for high affinity interaction with PDZK1, and the structure reveals important clues toward understanding this phenomenon. In contrast to many other AKAPs, D-AKAP2 does not interact directly with the membrane protein. Instead, the interaction is facilitated by the C-terminus of D-AKAP2, which contains two binding motifs-the D-AKAP2 AKB and the PDZ motif-that are joined by a short linker and only become ordered upon binding to their respective partner signaling proteins. The D-AKAP2 AKB binds to the D/D domain of the R-subunit and the C-terminal PDZ motif binds to a PDZ domain (from PDZK1) that serves as a bridging protein to the transporter. This structure also provides insights into the fundamental question of why D-AKAP2 would exhibit a differential mode of binding to the two PKA isoforms.
Introduction
Phosphorylation of target proteins by cyclic AMP (cAMP)-dependent protein kinase (PKA) is a crucial step in the regulation of signaling pathways. A diverse family of proteins called the A-kinase anchoring proteins (AKAPs) mediates the spatiotemporal targeting of PKA to various parts of the cell. 1, 2 The discovery of numerous AKAPs and the emergent knowledge of their involvement in regulating a variety of cellular processes, including PKA-mediated phosphorylation, have underscored the importance of characterizing AKAP-mediated protein complexes. A next challenge is to understand at the molecular level how multiprotein complexes are assembled by AKAPs.
PKA is a homodimer of two regulatory (R) subunits bound to two catalytic (C) subunits, and, based on the R subunits the enzyme, is classified into type I or type II classes (with a and b subclasses). 3 While the four R subunits share a similar domain organization, they are not functionally redundant [4] [5] [6] and are localized differently in the cell. 1 Each R subunit contains an N-terminal dimerization/docking (D/D) domain followed by a linker containing an inhibitor site and finally, two tandem cAMP-binding domains. 7 The D/D domains dimerize and form an X-type, anti-parallel, four-helix bundle that serves as a docking surface for AKAPs. [8] [9] [10] AKAPs, in turn, interact with the D/D domains through an amphipathic helix of 20 residues. [9] [10] [11] [12] [13] In recent years, several AKAPs such as D-AKAP2, 14 D-AKAP1, 15 and AKAP220 16 have been identified as dual-specific because of their ability to interact with both types of the R subunits, not just RII subunit. Dual-specific AKAP2 (D-AKAP2 or AKAP10) is a multi-domain protein that is involved in the late stages of endocytosis. 17 It consists of two tandem regulator of G-protein signaling (RGS)-like homology domains, followed by a 27-residue PKA-binding (AKB) domain and a PSD-95/DlgA/ZO-1 (PDZ)-binding motif at the C-terminus. 14 The RGS domains were shown more recently to directly interact with two small GTPases, Rab4, and Rab11, 17 which belong to a family of proteins that is known to play a key role in the regulation of endocytic membrane trafficking. [18] [19] [20] The AKB domain (D-AKAP2 AKB ) at pH 7.0 is predominantly a random coil. Upon binding to the D/D domains of RIa and RIIa with high affinity (K D 5 48 and 2 nM, respectively), it forms an amphipathic helix showing that it has all the information necessary and sufficient for binding to PKA. 12, 13, 21 The affinities of the AKB for the full length R subunits is comparable to the published affinities for the isolated D/D domains (unpublished data). The type I PDZ motif (-X-S/T-X-/) of D-AKAP2 (-STKL) interacts with the multi-PDZ domain proteins PDZK1 and NHERF-1. 22 PDZK1, in particular, is a physiologically important molecule that has been implicated in regulating the expression and localization of membrane-associated transporters, and maintenance of serum cholesterol levels. [23] [24] [25] [26] The binding of D-AKAP2 AKB (and AKAPs, in general) to the PKA R subunits has been studied extensively using a variety of methods including mutational analyses, 9, 27 hydrogen/deuterium exchange mass spectrometry, 28 peptide arrays and peptide disruption studies, 11, [29] [30] [31] and structural analyses. [11] [12] [13] These studies were undertaken not just for a thorough molecular understanding of AKAP binding but also to explain the dual-specific nature of D-AKAP2. In particular, the atomic-level information from the structures of D-AKAP2 AKB in complex with RIa and RIIa D/D domains revealed an unusual phenomenon: the mode of D-AKAP2 AKB binding to RIa is somewhat different than to RIIa. 12, 13 In particular, the a-helical register of D-AKAP2 is shifted by a single turn thereby presenting a different surface to two proteins through a simple mechanism. This phenomenon was used to elucidate a molecular explanation for the sequence and spatial determinants of D-AKAP2 specificity and was proposed to be true for all RI-, RII-, and dual-specific AKAPs. 13 It was also confirmed by the recent structure of an RI-specific AKAP (smAKAP) 32 bound to the D/D domain of RIa (manuscript submitted). The shift in the D-AKA-P2 AKB helical register and its close proximity to the PDZ motif lead to three questions: (1) how does the short C-terminal D-AKAP2 AKB that on its own is disordered and has two protein binding motifs embedded in its sequence, nucleate a polyvalent scaffold, (2) what effect does PKA binding to D-AKAP2 have on binding to the PDZ domain, and (3), why do we observe a shift in the helical register? To answer these questions and to elucidate how a polyvalent scaffold is nucleated by these three proteins, we determined the crystal structure of D-AKAP2 AKB in complex with PKA RIIa D/D domain and the 4th PDZ domain of PDZK1 (PDZK1 D4 ). The structure reveals the exact mechanism by which D-AKAP2 AKB interacts with both proteins simultaneously; D-AKAP2 AKB presents an ahelix for its interaction with PKA RII D/D domains and an antiparallel b-strand for its interaction with PDZK1 D4 . Binding of the D-AKAP2 AKB to the RIIa D/D domain was necessary to achieve a stable ternary complex. Although a short linker region of D-AKAP2 prevents any significant contact between these two interaction surfaces, truncating the linker by 1, 2, or 3 residues does not interfere with the ability to form a high affinity complex with the PKA RIIa D/D and PDZK1 D4 based on gel filtration. Modeling the D-AKAP2 AKB : RIa D/D complex structure onto the present structure also allows us to hypothesize a reason for the differential binding of D-AKAP2 to the PKA R subunits.
Results and Discussion
D-AKAP2 AKB shows specificity for binding to the PDZ domains of NHERF1, NHERF2, and PDZK1 D-AKAP2 has a C-terminal class I PDZ motif that binds to a PDZ domain, which then serves as an adaptor for coupling D-AKAP2 to receptors or transporters ( Fig. 1 ). PDZK1 and NHERF1 are two PDZ domain proteins that bind with high affinity to D-AKAP2. 22 Since NHERF1 and PDZK1 both contain more than one PDZ domain, we used an array of PDZ domains ( Fig. 1 ) to determine whether there was specificity for binding of D-AKAP2 to a particular PDZ domain. We showed that D-AKAP2 binds well to the third and fourth PDZ domains of PDZK1 and to specific PDZ domains of NHERF1 and 2. Two D-AKAP2 constructs, GST-AKB that represents the C-terminal AKB and PDZ motifs (residues 623-662) and GST-RGS-AKB-CT that includes the second RGS domain (residues 373-662) gave similar results, as shown in Figure 1 (a,c), respectively; both constructs contain the PDZ-binding motif at their In our case, formation of a high affinity complex containing all three proteins was achieved, but it required two distinct steps. In the first step, the formation of the well-characterized RIIa D/D: D-AKA-P2 AKB complex was achieved by incubating equimolar quantities for 30 min on ice. The next step involved the addition of equimolar PDZK1 D4 (for another 30 min) to this binary complex. Simply incubating equimolar amounts of all three proteins together simultaneously did not yield a high affinity complex. The ternary complex was purified away from the individual proteins on a S75 gel filtration column (Supporting Information Fig. S1 ) and concentrated to 10 mg/mL prior to crystallization. While a similar complex consisting of the full-length PDZK1 (containing four PDZ domains) was also purified, only the ternary complex containing PDZK1 D4 yielded crystals. Based on SDS gels and elution from the gel filtration column, the complex seemed to represent a 1:1:1 complex but this was not further characterized.
Structure solution
The crystal structure of the D-AKAP2 AKB : RIIa D/D: PDZK1 D4 ternary complex was determined to 3.8 Å resolution by molecular replacement, as implemented in Phaser, using the D-AKAP2 AKB : RIIa D/D (PDB ID: 2HWN) 12 and PDZK1 D4 (PDB ID: 2VSP) structures independently as search models. Careful consideration was given to all aspects of structure solution and refinement, taking into account the relatively low resolution of the data (Table I ). The Matthews coefficient 33 suggested three ternary complexes in the asymmetric unit, and the initial search located three molecules of PDZK1 D4 and only two molecules of the D-AKAP2 AKB : RIIa D/D complex. Since the search model for D-AKAP2 AKB comprised of only a 20-residue peptide, the presence of intact ternary complexes was confirmed by F o -F c electron density for the remaining D-AKAP2 AKB Cterminal residues that interact with PDZK1 D4 . Initial rounds implementing non-crystallographic symmetry and rigid-body refinements yielded weak density for the third D-AKAP2 AKB molecule. The refinement protocol, as implemented in Phenix, 34 included using noncrystallographic symmetry, rigidbody, and secondary structure restraints in addition to positional, B-factor and TLS minimization. The refinement strategy was fortified by using the structures of D-AKAP2 AKB : RIIa D/D complex 12 and PDZK1 D4 as reference models. Such an approach that exploits information from high-resolution structures has been successfully used as a powerful option in macromolecular structure refinement of low-resolution structures. 35 To circumvent the problem of model bias, simulated-annealed omit maps for various parts of the model, including the regions unique to the ternary complex compared to the search models, were calculated between rounds of model building. Careful model building using the program, Coot, and refinement carried out to 3.8 Å resolution led to an R free of 32.8% (Table I ). Model quality was monitored using Molprobity. Overall structure. The weak diffraction and the low resolution data collected from the crystal led us to believe that one or more components of the asymmetric unit might be disordered. Of the three proteins in the ternary complex, PDZK1 D4 is the best ordered. Reasonable density allowed for the modeling of nearly all residues of the three PDZK1 D4 molecules in the asymmetric unit; only two N-terminal, His-tag residues (Gly1, Ser0) and three C-terminal residues (Lys457, Lys458 and Ala459) for all three molecules were not modeled. In the case of D-AKA-P2 AKB , the C-terminal residues that interact with PDZK1 D4 were better ordered than the N-terminal residues that interact with the PKA D/D domain. 17 -22 (out of 45) residues (including residues that were part of the GST tag) were not modeled in each D-AKAP2 AKB molecule due to weak density [ Fig.  2(a) ]. These residues lie in the region that precedes the helical AKB motif whereas the AKB helix was well ordered. (Table I ). In summary, nearly 34% of the total expected atoms were not modeled due to weak electron density (Table I) . Since there were no significant differences between the two complete ternary complexes in the asymmetric unit, we chose the one with the higher number of modeled residues for structural analyses and figure preparation. The ternary complex mediated by D-AKAP2 AKB assumes an extended conformation rather than a compact globular structure [ Fig. 2(b,c) ]. Based on the structure, the D-AKAP2 AKB residues that are well ordered can be divided into three distinct clusters: the N-terminal region that forms an a-helix and anchors PKA, the C-terminal residues containing the PDZ motif that form a b-strand to interact with PDZK1 and finally, a linker region that spatially separates these two regions The N-terminus of D-AKAP2, specifically residues Ala635 through Tyr652, forms a well-defined, amphipathic helix that binds diagonally across the (55 ) D/D interface making extensive hydrophobic and polar interactions. In the absence of the D/D domain, the D-AKAP2 AKB is disordered. 21 The R subunit residues involved in the dimerization and docking have been discussed elsewhere in detail. 12 For clarity, the monomer whose N-terminus interacts with the N-terminus of D-AKAP2 is labeled as "A" and the other monomer is labeled "B" [ Fig. 4(a) ]. In addition to this primary interaction, the helix of D-AKAP2 AKB (all three molecules in the asymmetric unit) is stabilized by packing interactions with other D-AKAP2 AKB molecules in the asymmetric unit or the unit cell (data not shown). This added stability possibly accounts for a lower atomic displacement factor compared to the D/D domains ( Table I) . As expected, the core of the dimerization and docking interface aligns very well with that of the D-AKAP2 AKB : RIIa D/D structure including the angle of the D-AKAP2 binding [ Fig. 4(a) ]. 12 Similar to the previous structure, the N-terminus of chain A is better ordered than chain B though certain differences exist. In the ternary complex, clear main-chain density is observed for residues starting with Ile3 in chain A. Ile3 and Ile5 make critical hydrophobic interactions with D-AKAP2 AKB residues-Ile638 and Ala639-and play an important role in defining AKAP specificity and selectivity. In the binary complex, there is clear, additional density for the first two residues of the chain. While these residues do not make critical interactions, their absence in the ternary complex likely causes the first turn of the D-AKAP2 AKB helix to be disordered [ Fig. 4(a) ]. However, PKA residues that line pockets I and II, and D-AKAP2 residues that occupy them are all well ordered in the structure. 13 The N-terminus of chain B is relatively disordered with Gly8 being the first modeled residue compared to Ile5 in the binary complex. Unlike chain A where Ile3 and Ile5 make important interactions with D-AKAP2 AKB , in chain B these residues do not make any critical interactions and their absence, therefore, does not impact the binding of D-AKAP2. These findings reinforce the asymmetry of the RIIa D/D: D-AKAP2 AKB complex.
D-AKAP2 AKB interaction with PDZK1 D4
PDZK1 D4 is comprised of 85 amino acid residues that assume a canonical, well-conserved PDZ fold. 37 As expected, there are 6 b-strands (labeled bA through bF), a short a-helix (labeled aA) and a long a-helix (labeled aB) [Figs. 2(b) and 4(b)]. The PDZmotif binding site is a cleft formed between aB and bB with the N-and C-termini of the protein on the opposite side of the peptide-binding site.
For its interaction with PDZK1 D4 , the six C-terminal residues of D-AKAP2 (Glu657, Lys658, Ser659, Thr660, Lys661, and Leu662) adopt a bstrand conformation and form antiparallel hydrogen bonds with bB. The type I PDZ motif is further stabilized in the binding cleft by residues from aB [ Figs. 2(b) and 4(b) ]. The residues lining the cleft, especially those belonging to the carboxylate-binding loop (between bA and bB) are well-conserved 37 ; the sequence of this loop on PDZK1 D4 (Lys383-Gly-GluAsn-Gly-Tyr-Gly-Phe390) matches the expected motif (Arg/Lys-X-X-X-Gly-/-Gly-/). The exact details of a prototypical PDZ domain: PDZ motif interactions have been described in detail in previous studies [36] [37] [38] [39] and are therefore, not discussed here further. A structural overlay of the present structure with that of the PDZK1 D3 : SR-BI structure (PDB ID: 3R69) 36 shows that the D-AKAP2 AKB : PDZK1 D4 interaction follows a typical PDZ domain: PDZ motif interaction [ Fig. 4(b) ].
D-AKAP2 AKB linker region
A four-residue linker region (Asp653-Gln654-Pro655-Leu656) of the D-AKAP2 AKB connects the N-terminal a-helix and the C-terminal b-strand (Figs. 2 and 3 ). In the crystal, PDZK1 D4 molecules in the asymmetric unit and unit cell stabilize these residues. In the absence of these and the N-terminal a-helical RIIa D/D interactions, it is likely that the linker residues and the C-terminal PDZ-motif would be much more flexible. To form a stable ternary complex with PDZK1 D4 , it was necessary to present D-AKAP2 AKB that had been stabilized in a complex with RIIa D/D. Based on our previous structure of the D-AKAP2 AKB bound to the D/D domain of RIIa, the entire C-terminal region is disordered in the absence of a PDZ domain. 12 Given the high affinity binding between the D-AKAP2 AKB and the RIIa D/D domain, it is highly likely that this is the physiological complex that is presented to the transporters. To test whether flexibility of the linker was required for binding to the PDZK1 D4 domain we engineered single, double, and triple deletion mutants in the linker. We found that the length of the D-AKAP2 linker region possesses an unexpected degree of mutability without preventing ternary complex formation. D-AKAP2 AKB D653, D653-654, and D653-655 all eluted as stable ternary complexes on a gel filtration column. While the D-AKAP2 AKB deletion mutants may exhibit different affinities to either PKA RII or PDZK1 D4 than wild-type, the mutations do not prevent stable association of the PDZK1 D4 with the D-AKAP2 AKB : RIIa D/D complex. Deletion mutants could facilitate the formation of a more compact complex. Crystallization attempts with the D-AKAP2 AKB deletion mutants are currently underway, and these structures could clarify the effect that a shortened linker has on complex formation. Our initial hypothesis that four linker residues may be important to effectively prevent steric clashes between PKA and PDZK1 (Figs. 2 and 3) needs to be reconsidered; it is clearly not essential for the simultaneous binding of RIIa and PDZK1. The N-terminal segment of PDZK1 D4 could potentially adopt an extended conformation to compensate for the reduced flexibility of D-AKAP2 AKB deletion mutants. The significance of this phenomenon in the context of the RIa isoform and the shift in the D-AKAP2 binding helix register is discussed in detail below.
Basis for D-AKAP2 AKB helical register shift
Comparison with the D-AKAP2 AKB : PKA RIa D/ D complex crystal structure. In the case of the RIa D/D, in addition to the two core helices, there is an additional N-terminal a-helix (a0) that interacts with D-AKAP2. 13 Positional stabilization of this helix by a disulfide bond (between Cys16 and Cys37) results in the formation of a symmetrical and more significantly, a larger binding surface for AKAP interactions. 13, 27 As a result of this stabilization, the D-AKAP2 AKB helix is longer both at the N-and C-termini [ Fig. 5(a) ]. While residues Gln651 and Tyr652 are the last ordered residues and show helical propensity, these residues do not interact with RIa D/D [ Fig. 5(b) ]. Instead, the last residue stabilized is Ala650 that forms hydrophobic interactions with Leu13 and Cys37 in the D/D domain. 13 On the other hand, in RIIa D/D the binding of an AKAP results in the ordering of the N-terminus of only one of the two monomers. This results in an asymmetrical binding surface for the asymmetrical sequence of D-AKAP2. 11, 12 Thus, compared to the RIIa D/D structure, the D-AKAP2 AKB has one additional a-helical turn and two additional a-helical turns at the N-and C-terminus respectively when bound to RIa D/D [ Fig. 5(a) ]. The most significant difference is the shift in the helical register of D-AKAP2 AKB upon binding to PKA isoforms; the helix is shifted down by an entire turn when bound to RIa D/D [Fig. 4(a) ]. 13 In the absence of a helical shift in RIa, the terminal D-AKAP2 AKB residue forming the a-helix would be Leu656 instead of Tyr 652 [ Fig. 5(b) ]. Accordingly, the last residue making interactions with the D/D domain would be Gln654 instead of Als650. At the same time, interaction with PDZK1 D4 involves six C-terminal residues (Asp 657 through Leu662). Thus, in the absence of the helical shift, there would only be two residues, Pro655 and Leu656, in the linker region.
In the presence of the helical shift, the last residue part of the a-helix would be Tyr652 with Asp653 forming the first residue of the loop. Such an organization would be similar to the one seen in the present ternary complex. Thus, in the presence of the helical shift the six C-terminal D-AKAP2 AKB residues would be available for interaction with PDZ proteins.
The differential binding of D-AKAP2 to the PKA RIa and RIIa isoforms can be traced to the occurrence of a single phenomenon: the presence of an intermolecular disulfide bond between Cys16 and 13 that this helical register shift is likely true for all RI-, RII-and dual-specific AKAPs. While our analyses reveals the reason for the shift in D-AKAP2, it does not answer the question of why this shift would occur in all AKAPs. Further structural, biochemical, and biophysical studies of AKAPs binding to PKA and its interacting proteins would not only test the AKAP helical shift model but will also provide reasons for the shift.
Materials and Methods

Protein expression and purification
Rat RIIa D/D (residues 1 -44) was cloned as a Histagged protein in pET15b vector (Novagen) with an internal thrombin site. The protein was expressed as described earlier. 12 Prior to purification, the cells were suspended in 20 mM Tris (pH 8.0), 100 mM NaCl buffer containing protease inhibitors and 2 mM DTT. Initial purification of His-RIIa D/D was carried out using the Profinia protein purification system (Bio-Rad). A preprogrammed method was used to bind the protein to a Ni-affinity column, followed by imidazole elution and a desalting step. Thrombin was used to cleave the His-tag and the protein was separated from the His-tag and thrombin by S75 gel filtration. The protein was concentrated to 15 mg/mL (e 280 nm 5 2680 M 21 cm 21 ).
The AKB region of human D-AKAP2 (residues 623 -662) was cloned, expressed and purified in a manner described earlier. 13 Following S75 gel filtration purification, the protein was concentrated to 4 mg/mL (e 280 nm 5 6970 M 21 cm
21
). The fourth domain of human (residues 375 -449) PDZK1 was cloned into pQTEV vector with an internal TEV protease cleavage site. The His-tagged protein was purified on the Profinia purification system in a fashion similar to RIIa D/D. The His-tag on the PDZ protein was cleaved by incubating the protein with Histagged TEV protease overnight at 4 C. The cleaved His-tag and the protease were purified away from the protein using a modified protocol on the Profinia system. As a final step, the PDZK1 D4 protein was purified on a S75 gel filtration column and concentrated to 6 mg/mL. Ternary complex formation is discussed in the main text.
D-AKAP2 truncation mutants were created using site-directed mutagenesis. Three constructs, D-AKAP2 D653, D653-654, and D653-655, were created. Each truncation mutant was transformed, expressed, and purified by the same method as wildtype D-AKAP2 AKB . Following purification, ternary complex formation was performed with S75 sizeexclusion chromatography.
Peptide array screening
The peptide arrays were preincubated with T-TBS blocking buffer (TBS, pH 8.0/0.05% Tween 20 in the presence of blocking reagent). Various PDZ domains are spotted on the membrane. 40 Subsequently, the peptide arrays were incubated with solutions of GST-AKB-CT and GST-RGS-AKB-CT at a final concentration of 1.0 lg/mL for 2 h in T-TBS blocking buffer. After washing three times for 10 min with T-TBS the anti-GST antibody was added to a final concentration of 1 lg/mL in T-TBS blocking buffer for 1 h followed by washing three times for 10 min with T-TBS. Analysis and quantification were done by using a chemiluminescence substrate (Roche Diagnostics chemiluminescence detection kit 1500694) and the LumiImager (Roche Diagnostics). All steps were carried out at room temperature. Binding of the detection antibodies to the peptides was excluded by control incubations with anti-GST antibody alone (data not shown).
Crystallization, structure determination, and refinement
Crystals of the RIIa D/D: D-AKAP2 AKB : PDZK1 D4 ternary complex appeared in a week at room temperature using microbatch crystallization. The crystals grew from a 1:1 drop containing 20% PEG MME and 0.1M HEPES (pH 7.0) and directly flash-frozen in liquid nitrogen. For structure determination and refinement, a single data set was collected at the advanced light source (ALS) synchrotron (beamline 5.0.1). Data were processed using HKL2000 41 and model refinement carried out using Phenix, 34 with 7.5% of the reflections set aside for cross validation. The low-resolution data demanded careful attention to the refinement details and are discussed in the main text. The structure was refined to a final R and R free of 26.8 and 32.8%, respectively. The following residues were modeled as Ala due to lack of density: For PDZK1 D4 : Lys375, Arg380, Glu385, Arg396, Lys448 (chains A, E, and I), Lys408 (chain A), Asn386 (chain E), and Lys377, Leu381, Lys383, Lys404, Asn430, Lys438, Arg442 (chain I); for D-AKAP2 AKB : Lys637 (chains D and L), and Tyr652 (chains D, H, and L); for RIIa D/D: Arg43 (chain F).
